1. Introduction {#sec1-molecules-16-05349}
===============

Parkinson's disease (PD) is one of the most common neurodegenerative disorders. Approximately 2% of the population over 65 years of age is affected by this disease, although incidence varies across age, gender, and race \[[@B1-molecules-16-05349],[@B2-molecules-16-05349],[@B3-molecules-16-05349]\]. The pathological hallmark of PD is a loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc) and a subsequent loss of dopamine in the striatum. Accumulating evidence supports the notion that oxidative stress and activation of the apoptotic cascade play a pivotal role in the neurodegeneration associated with PD \[[@B4-molecules-16-05349],[@B5-molecules-16-05349],[@B6-molecules-16-05349]\], therefore, the suppression of dopaminergic neuronal cell death by regulation of intracellular reactive oxygen species (ROS) and modification of the apoptotic cascade may have therapeutic benefits, leading to alleviation of the progression of neurodegeneration. Insights into PD pathogenesis have been achieved experimentally using the neurotoxin 1-methyl-4-phenylpyridinium (MPP^+^), which is the active metabolite of 1-methyl-4-phenyl-2,3,6-tetrahydropyridine (MPTP). 1-Methyl-4-phenylpyridinium (MPP^+^) has been shown to selectively and potently inhibit complex I of the mitochondrial electron transport chain, and it induces a syndrome closely resembling PD in cellular and animal models \[[@B7-molecules-16-05349],[@B8-molecules-16-05349]\].

*Gastrodia elata* Blume (GE) has been used in Asia since ancient times as a traditional herbal medicine with numerous therapeutic applications. GE is effectively used as an anticonvulsant, analgesic and sedative in vertigo, general paralysis, epilepsy and tetanus \[[@B9-molecules-16-05349]\]. GE extracts have a neuronal protective action due to the presence of amyloid β-peptide, and the protection was associated with increased dopamine concentration and decreased dopamine turnover in striatum \[[@B10-molecules-16-05349]\]. GE also inhibits glutamate-induced apoptosis in neurons \[[@B11-molecules-16-05349]\], inhibits neuronal damage in kainite-induced seizure \[[@B12-molecules-16-05349]\], inhibits MPP^+^-induced cytotoxicity in SH-SY5Y cells \[[@B13-molecules-16-05349]\], and protects against neuronal cell damage after transient global brain ischemia \[[@B14-molecules-16-05349]\]. Its major components are vanillyl alcohol, phenolic compounds, organic acids, glucose, beta-sitosterol, hydroxybenzyl alcohol, vanillin, gastrodin and hydroxybenzaldehyde \[[@B15-molecules-16-05349],[@B16-molecules-16-05349]\].

The purpose of this study was to investigate the effects of GE extract and its major bioactive compounds on MPP^+^-induced neurotoxicity in dopaminergic MN9D cells. We examined the neuroprotective effect of GE extract and vanillyl alcohol on neuronal cell viability, expression of Bcl-2 and Bax, and poly (ADP-ribose) polymerase (PARP) proteolysis in MPP^+^-induced MN9D neurotoxicity, in order to provide possible therapeutic applications for prevention and treatment of PD.

2. Results and Discussion {#sec2-molecules-16-05349}
=========================

2.1. Effect of GE on Cell Viability in MN9D Cells {#sec2dot1-molecules-16-05349}
-------------------------------------------------

The effect of GE on MPP^+^-induced MN9D cells was evaluated using an established MTT assay. Treatment with GE alone did not cause any cytotoxic effects on cell viability up to the highest concentration tested (200 µg/mL), however, the cell viability of MN9D cells exposed to 25 μM MPP^+^ for 48 h decreased significantly to 50.5 ± 1.4%. Pretreatment with GE extract (10, 100, 200 µg/mL) for 4 h prior to the addition of MPP^+^ rescued the MPP^+^-induced decrease in viability by 51.7 ± 3.2%, 62.07 ± 2.3% and 76.3 ± 4.6% in a dose-dependent manner ([Figure 1](#molecules-16-05349-f001){ref-type="fig"}A). We further investigated whether GE affected Bcl-2 and Bax expression and poly(ADP-ribose) polymerase proteolysis in the MPP^+^-induced MN9D cells. The present study demonstrated that MPP^+^-treatment significantly increased Bax expression and PARP cleavage, but significantly decreased Bcl-2 expression levels. GE effectively inhibited both the increase in Bax/Bcl-2 ratio and PARP proteolysis in a dose-dependent manner ([Figures 1](#molecules-16-05349-f001){ref-type="fig"}B and [1](#molecules-16-05349-f001){ref-type="fig"}C). Taken together, the results suggest that GE might have a protective effect against MPP^+^-induced cytotoxicity in MN9D cells. Previous studies showed that GE extract has a protective effect against neuronal cell damage, as well as free radical scavenging and antioxidant effects \[[@B11-molecules-16-05349],[@B17-molecules-16-05349],[@B18-molecules-16-05349]\]. The protective effect of GE was also confirmed in neuroblastoma SH-SY5Y cells \[[@B13-molecules-16-05349]\].

2.2. Effect of Vanillyl Alcohol on Cell Viability in MN9D Cells {#sec2dot2-molecules-16-05349}
---------------------------------------------------------------

The major compounds in GE are vanillyl alcohol, 4-hydroxybenzylaldehyde, vanillin and gastrodin, and these compounds are known to work in the brain after passing through the blood brain barrier \[[@B19-molecules-16-05349],[@B20-molecules-16-05349]\] and display various biological activities such as anti-oxidant, anti-asthmatic, antimicrobial, and antimutagenic effects \[[@B19-molecules-16-05349],[@B21-molecules-16-05349],[@B22-molecules-16-05349]\]. Among those we examined, vanillyl alcohol effectively inhibited the loss of cell viability in a dose-dependent manner according to the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay in MN9D dopaminergic cells. The viability of cells was increased to 51.5 ± 1.4%, 57.5 ± 2.8%, and 69.1 ± 3.1% when cells were pretreated with vanillyl alcohol at 1, 10, and 20 µM, respectively ([Figure 2](#molecules-16-05349-f002){ref-type="fig"}B).

To further verify the inhibitory effect of vanillyl alcohol on MPP^+^-induced MN9D cells, the cells were labeled with propidium iodide and quantitatively analyzed by flow cytometry. When the cells were incubated in medium alone, a typical single peak of nuclei with diploid DNA content was observed ([Figure 3](#molecules-16-05349-f003){ref-type="fig"}A) and there was only about 2%\~3% cell death. In the presence of 25 µM MPP^+^, a characteristic hypodiploid DNA content peak indicative of sub-G0-G1 apoptotic populations was distinguishable. Treatment with 25 µM MPP^+^ resulted in apoptotic population of 37.6 ± 1.2% ([Figure 3](#molecules-16-05349-f003){ref-type="fig"}B). Following treatment with vanillyl alcohol (1, 10 and 20 µM), the proportion of apoptotic cells was reduced to 35.4 ± 1.9%, 27.6 ± 2.1%, and 16.8 ± 2.8%, respectively, in a concentration-dependent manner ([Figures 3](#molecules-16-05349-f003){ref-type="fig"}D--[3](#molecules-16-05349-f003){ref-type="fig"}F).

2.3. Free Radical Scavenging Activities of Vanillyl Alcohol by ESR {#sec2dot3-molecules-16-05349}
------------------------------------------------------------------

The free radical scavenging activities of vanillyl alcohol were examined using ESR spectroscopy. DPPH is a stable free radical and accepts an electron or hydrogen radical to produce a stable diamagnetic molecule that can be used to evaluate the free radical scavenging activity of natural antioxidants. The capacity of vanillyl alcohol to scavenge DPPH was measured by ESR spectrometry, and the results are shown in [Figure 4](#molecules-16-05349-f004){ref-type="fig"}A. The DPPH radical scavenging activities of vanillyl alcohol at various concentrations (0.03, 0.06, 0.12, 0.25, 0.5 and 1 mg/mL) were 38.42, 76.08, 77.95, 78.16, 80.29, and 81.10%, respectively, with an IC~50~ value of 0.04 mg/mL. The alkyl radical spin adduct of 4-POBN/free radicals was generated from AAPH at 37 °C for 30 min, and a decrease of ESR signals was observed with the dose increment of GE ([Figure 4](#molecules-16-05349-f004){ref-type="fig"}B). The alkyl radical scavenging activities of vanillyl alcohol (0.001, 0.003, 0.007, 0.015, 0.031 and 0.062 mg/mL) were 25.66, 41.25, 53.81, 78.88, 83.15, and 90.72%, respectively, with an IC~50~ value of 0.006 mg/mL.

The data suggest that vanillyl alcohol is a powerful antioxidant with radical scavenging activity for DPPH and alkyl radicals, a finding that is consistent with earlier reports that vanillyl alcohol shows significant radical scavenging activity for DPPH \[[@B23-molecules-16-05349],[@B24-molecules-16-05349]\]. Several studies also reported that vanillyl alcohol shows antioxidant effect in epileptic seizures in rats \[[@B25-molecules-16-05349]\] and reduces lipid peroxidation in Gerbil brain homogenates \[[@B26-molecules-16-05349]\].

Moreover, we measured reactive oxygen species generation in MN9D cells exposed to 25 µM MPP^+^ by fluorometric analysis using DCFH-DA. Cells exposed to MPP^+^ displayed an obvious increase in DCF fluoresence at time- dependent when compared to the control cultures. The DCF fluoresence in cells exposed to 25 µM MPP^+^ at 48 h was 3.67-fold higher than the control group. However, treatment with VA effectively reduced the reactive oxygen species generation and the suppressing effects strengthened with the increase of concentration of VA. The DCF fluoresence in cells incubated with 1, 10 and 20 µM of VA were attenuated to 3.57 ± 0.14, 3.16 ± 0.09, and 2.17 ± 0.13, respectively ([Figure 5](#molecules-16-05349-f005){ref-type="fig"}).

2.4. Vanillyl Alcohol Affects the Expression of Bcl-2 and Bax in MPP^+^-Treated Cells {#sec2dot4-molecules-16-05349}
-------------------------------------------------------------------------------------

Bcl-2 family proteins are key regulators of apoptosis and include both anti-apoptotic and pro-apoptotic proteins \[[@B27-molecules-16-05349]\]. Cell survival in the apoptotic cascade depends mostly on the balance between the pro- and anti-apoptotic proteins of the Bcl-2 family. The Bax/Bcl-2 ratio may better predict the cell decision between survival and death than the absolute concentrations of either Bax or Bcl-2 alone, and any shift in the balance of pro- and anti-apoptotic proteins may affect cell death \[[@B27-molecules-16-05349]\]. In this study, we investigated whether vanillyl alcohol had any effect on the expression of Bcl-2 and Bax in MPP^+^-treated dopaminergic MN9D cells using expression analysis. The present study demonstrated that 25 µM MPP^+^ treatment significantly enhanced the expression of Bax and concomitantly decreased the levels of Bcl-2. However, vanillyl alcohol treatment substantially suppressed Bax mRNA expression, while expression of Bcl-2 was significantly recovered in a dose-dependent manner. The Bax/Bcl-2 ratio in cells exposed to 25 µM MPP^+^ was 7-fold higher than that in the control group, while in cells pre-treated with 1, 10, and 20 µM vanillyl alcohol, the ratio of Bax to Bcl-2 reversed in a dose-dependent fashion ([Figure 6](#molecules-16-05349-f006){ref-type="fig"}). Our results show that vanillyl alcohol treatments significantly reduced the expression of pro-apoptotic Bax and increased the expression of anti-apoptotic Bcl-2 in a dose-dependent manner, suggesting that vanillyl alcohol treatment shifted the balance between pro- and anti-apoptotic members towards cell survival. Vanillyl alcohol treatment alone did not significantly alter the Bax/Bcl-2 ratio.

2.5. Vanillyl Alcohol Suppresses MPP^+^-Induced PARP Proteolysis {#sec2dot5-molecules-16-05349}
----------------------------------------------------------------

The cleavage of PARP is another hallmark of apoptosis \[[@B28-molecules-16-05349],[@B29-molecules-16-05349]\]. Therefore, we further investigated PARP cleavage in MPP^+^-induced MN9D cells. MPP^+^ induces an obvious increase in the cleavage of PARP when compared to control cultures \[[@B30-molecules-16-05349]\]. Cleavage of PARP was detected using polyclonal antibody against cleaved PARP fragments (85 kDa). Following treatment with 25 µM MPP^+^, PARP proteolysis was significantly increased to 251.14 ± 17.39%, while the level of cleaved PARP with vanillyl alcohol treatment (1, 10 and 20 µM) was dose-dependently decreased to 246.28 ± 17.33%, 196.34 ± 26.80%, and 143.24 ± 7.97% ([Figure 7](#molecules-16-05349-f007){ref-type="fig"}). Vanillyl alcohol treatments effectively attenuated MPP^+^-induced PARP cleavage in a dose-dependent manner, indicating that the protective effect of vanillyl alcohol is associated with the inhibition of the downstream apoptotic signaling pathways to prevent the activation of PARP proteolysis. Based on these observations, vanillyl alcohol may modulate the expression of Bcl-2 family proteins in response to MPP^+^ treatment, regulating a succession of mitochondria-mediated downstream molecular events including the activation of PARP.

3. Experimental {#sec3-molecules-16-05349}
===============

3.1. Materials {#sec3dot1-molecules-16-05349}
--------------

1-Methyl-4-phenylpyridinium (MPP^+^), *2*,2-azobis(2-amidinopropane) hydrochloride (AAPH), 1,1-diphenyl-2-picrylhydrazyl (DPPH), (4-pyridyl-1-oxide)-*N*-*tert*-butylnitrone (4-POBN), 3-(3,4-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and vanillyl alcohol were obtained from Sigma Aldrich (St. Louis, MO, USA). Six-well and 96-well tissue culture plates and 100-mm culture dishes were purchased from Nunc Inc. (Naperville, IL, USA). Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were from Gibco-BRL Technologies (Carlsbad, CA, USA). Propidium iodide (PI) was supplied by BD Clontech (Mountain View, CA, USA). The antibodies against PARP and β-actin were obtained from Cell Signaling Co, (Boston, MA, USA). All other chemicals used in this study were analytical grade and were obtained from Sigma Chemical Co. (St. Louis, MO, USA) unless otherwise indicated.

3.2. Preparation of GE {#sec3dot2-molecules-16-05349}
----------------------

*Gastrodia elata* Blume (GE) was purchased in the traditional herb market and was authenticated based on its microscopic and macroscopic characteristics. A voucher specimen (CA04-048) has been deposited at the Plant Extract Bank, Korea. To obtain the ethanol extract, 100 g of GE was added to 95% ethanol and extraction was performed by heating at 50 °C for 7 days; it was then concentrated with a rotary evaporator and lyophilized. The resulting powder (yield, 3.6 g) was dissolved in DMSO and filtered through a 0.22-µM filter before use.

3.3. Cell Culture and Treatments {#sec3dot3-molecules-16-05349}
--------------------------------

Mouse dopaminergic MN9D cells were kindly provided by Dr. Young J Oh (Yonsei University, Korea). MN9D cells were plated on 96-well plates or 6-well plates coated with 25 µg/mL poly-D-lysine. Cultures were maintained in DMEM supplemented with 10% fetal bovine serum (Invitrogen, San Diego, CA, USA) in an incubator with an atmosphere of 10% CO~2~ at 37 °C for 3 days. Cells were subsequently switched to serum-free N2 medium \[[@B31-molecules-16-05349]\]. All experiments were carried out 24--48 h after cells were seeded. MN9D cells were pretreated with various concentrations (10, 100, 200 µg/mL) of GE and 1, 10, 20 µM vanillyl alcohol for 4 h before incubation in medium containing 25 µM MPP^+^. The control cells were treated with the same medium without drugs.

3.4. Assessment of Cell Viability {#sec3dot4-molecules-16-05349}
---------------------------------

Cell viability was measured by the quantitative colorimetric MTT assay, showing the mitochondrial activity of living cells as previously described \[[@B32-molecules-16-05349]\]. In brief, MTT dissolved in phosphate-buffered saline was added at the end of incubation to a final concentration of 0.5 mg/mL. After incubation for 4 h at 37 °C in a 5% CO~2~ atmosphere, the supernatants were carefully removed and the formazan crystals formed in the viable cells were measured at 550 nm using a microplate reader (Molecular Devices, Sunnyvale, CA, USA).

3.5. Isolation of Total RNA and Expression Analysis for Bax and Bcl-2 mRNA {#sec3dot5-molecules-16-05349}
--------------------------------------------------------------------------

MN9D cells (1 × 10^6^ cells/well) were cultured in 100-mm plates, and the total RNA was isolated by extraction with TRIzol (Invitrogen, San Diego, CA, USA). For the reverse transcription-polymerase chain reaction (RT-PCR), 2.5 µg of total RNA were reverse transcribed using a First Strand cDNA Synthesis kit (Invitrogen, CA, USA). PCR was performed using the prepared cDNA as a template. The following primers were used for PCR: Bcl-2 sense, 5'-CGCAAGCCGGGAGAACAGGG-3'; Bcl-2 anti-sense, 5'-CTGGCAGCCGTGTCTCGGTG-3'; Bax sense, 5'-GCGAGTGTCTCCGGCGAATT-3'; Bax anti-sense, 5'-GCCCCAGTTGAAGTTGCCATCAG -3'; GAPDH sense, 5'-GGCTCTCTGCTCCTCCCTGTTCTA-3'; GAPDH anti-sense 5'-TGCCGTTGAACTTGCCGTGGG-3'. PCR products were electrophoresed on a 1% (w/v) agarose gel and stained with ethidium bromide. Relative expression was quantified densitometrically with the Multi Gauge Version 3.1 system (Fujifilm Co., Japan), and calculated using the reference bands of GAPDH.

3.6. Immunoblot Analysis for Cleaved PARP {#sec3dot6-molecules-16-05349}
-----------------------------------------

To obtain the total cell lysate, 0.1 mL (or 0.05 mL) of RIPA buffer \[1 × PBS, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, with freshly added protease inhibitor cocktail (Calbiochem, CA, USA)\] was added to MN9D cells cultured in 100-mm plates. Cells were scraped, incubated for 10 min on ice, and centrifuged at 14,000 × rpm for 10 min at 4 °C. Protein concentration was determined by the DC protein assay from Bio-Rad (Hercules, CA, USA), and 15 µg of whole cell lysate were loaded for 10% SDS-PAGE. Electrophoresis was performed and the proteins were transferred to PVDF membranes (Millipore, MA, USA) using an electroblotting apparatus (Bio-Rad, CA, USA). The membranes were blocked for 1 h in TBS containing 0.1% Tween-20 and 5% dry milk, and were then incubated overnight with primary antibodies \[anti-PARP 1:1000 (Cell Signaling, MA, USA)\] followed by incubation for 1 h with horseradish peroxidase-conjugated secondary antibodies (1:10,000) (Santa Cruz, CA, USA). The optical densities of the antibody-specific bands were analyzed by a Luminescent Image Analyzer, LAS-3000 (Fuji, Japan). Data were normalized to the reference bands of β-actin.

3.7. Flow Cytometric Detection of Apoptotic Cells {#sec3dot7-molecules-16-05349}
-------------------------------------------------

MN9D cells were collected by centrifugation and washed with ice-cold PBS. Pellets were resuspended in ice-cold 70% ethanol and fixed at 4 °C for 24--48 h, washed and resuspended in 1 mL of DNA staining reagent containing 50 µg/mL RNase, 0.1% Triton X-100, 0.1 mM EDTA (pH 7.4), and 50 µg/mL PI. Staining was stable at 4 °C for 30 min \[[@B33-molecules-16-05349]\]. Red fluorescence (DNA) was detected through a 563--607 nm band pass filter by using a FACS Caliber flow cytometer (Becton Dickinson, San Jose, CA, USA.). Ten thousand cells in each sample were analyzed and the percentage of apoptotic cells accumulating in the sub-G1 peak was calculated by Cell Quest software.

3.8. Measurement of Free Radical Scavenging Activity {#sec3dot8-molecules-16-05349}
----------------------------------------------------

Free radical scavenging activity was evaluated using an electron spin resonance (ESR) spectrometer (JEOL, Tokyo, Japan). DPPH radical scavenging activity was measured as described by Nanjo *et al.* \[[@B34-molecules-16-05349]\]. A sample solution of vanillyl alcohol was added to 60 µM DPPH in methanol solution was incubated for 2 min. Alkyl radicals were generated by AAPH. The reaction mixture containing 10 mM AAPH, 10 mM 4-POBN and vanillyl alcohol with various concentrations in PBS (pH 7.4) were incubated at 37 °C in a water bath for 30 min. The ESR spectrum for each radical was recorded using an ESR spectrometer.

3.9. Measurement of Intracellular Reactive Oxygen Species (ROS) {#sec3dot9-molecules-16-05349}
---------------------------------------------------------------

The intracellular ROS production was measured using a non-fluorescent compound 2',7'-dichlorofluorescein diacetate (DCFH-DA) as previously described \[[@B35-molecules-16-05349]\]. It measures the formation of hydrogen peroxide generated by an oxidative metabolic burst. Viable cells can deacetylate DCFH-DA to 2',7'-dichlorofluorescin (DCFH), which is not fluorescent. This compound reacts quantitatively with oxygen species within the cell to produce a fluorescent dye 2',7'-dichlorofluorescein (DCF), which remains trapped within the cell and can be measured to provide an index of ROS level. After the drug treatment, cultures were washed with PBS, loaded with 20 µM DCF-DA for 30min at 37 °C, and then washed again with PBS. DCF fluorescence was analyzed using a fluorescence plate reader (Spectramax M2e, Molecular Devices) at excitation and emission wavelengths of 490 and 530 nm.

3.10. Statistical Analysis {#sec3dot10-molecules-16-05349}
--------------------------

The results were expressed as mean ± S.E.M. of at least three independent experiments performed in triplicate. Statistical analysis was performed by one-way analysis of variance (ANOVA) followed by *post hoc* multiple comparisons using the Bonferroni method in the Sigma Stat 3.1 software (Systat Software Inc., San Jose, CA, USA). A *P* value less than 0.05 was considered statistically significant.

4. Conclusions {#sec4-molecules-16-05349}
==============

Here we have demonstrated that vanillyl alcohol has neuroprotective effects against MPP^+^-induced cytotoxicity in dopaminergic MN9D cells by multiple lines of evidence. The data revealed that vanillyl alcohol protected cells by reducing MPP^+^-induced cell loss, decreased the number of apoptotic cells and PARP proteolysis, and decreased the Bax/Bcl-2 ratio. Vanillyl alcohol-mediated neuroprotection is due, in part, to inhibition of the mitochondrial apoptotic pathway. The anti-oxidative and anti-apoptotic properties of vanillyl alcohol might play a major role in rendering a protective action against MPP^+^-induced cytotoxicity in dopaminergic MN9D cells. This study reports for the first time that vanillyl alcohol could ameliorate MPP^+^-induced oxidative stress and apoptosis in dopaminergic MN9D cells and exert neuroprotective activity, which may be partly responsible for the neuroprotective efficacies of GE. However, further studies on the detailed mechanism and in animal models of PD and comparison with known anti-parkinsonian agents should be conducted.

This work was supported by Konkuk University in 2011.

*Sample Availability:* Samples of the compounds are available from the authors.

![Effect of GE on MPP^+^-induced neuronal cell death in dopaminergic MN9D cells. Cells were exposed to 25 μM MPP^+^ in the absence or presence of GE (10, 100, 200 µg/mL), and cell viability was assessed by MTT assay (**A**); The mRNA expression of Bax and Bcl-2 was determined by RT-PCR (**B**); and PARP proteolysis was analyzed by immunoblot analysis (**C**). Data are expressed as the percentage of values in untreated control cultures and are means ± S.E.M. of three independent experiments in triplicate. ^\#^ *P* \< 0.05, compared with the control group. \* *P* \< 0.05, compared with the MPP^+^-treated group (one-way ANOVA followed by Bonferroni *post hoc* test).](molecules-16-05349-g001){#molecules-16-05349-f001}

![The chemical structure of vanillyl alcohol (**A**); Effect of vanillyl alcohol on cell viability in MN9D cells exposed to MPP^+^ (**B**). Cells were exposed to 25 μM MPP^+^ in the absence or presence of vanillyl alcohol (1, 10, 20 µM) and cell viability was assessed by MTT assay. Data are expressed as the percentage of values in untreated control cultures and are means ± S.E.M. of three independent experiments in triplicate. ^\#^ *P* \< 0.05, compared with the control group. ^\*^ *P* \< 0.05, compared with the MPP^+^-treated group (one-way ANOVA followed by Bonferroni *post hoc* test).](molecules-16-05349-g002){#molecules-16-05349-f002}

![Effect of vanillyl alcohol against MPP^+^-induced neurotoxicity in MN9D cells by flow cytometric DNA analysis. (**A**). Control cells; (**B**). the cells exposed to 25 μM MPP+ alone; (**C**). the cells exposed to 20 μM alone; (**D--F**). the cells pre-treated with vanillyl alcohol at 1, 10, 20 μM, respectively, in the presence of 25 μM MPP^+^. Bar (├─┤) represents a sub-G0/G1 or hypodiploid DNA fraction.](molecules-16-05349-g003){#molecules-16-05349-f003}

![Effect of vanillyl alcohol on the free radical scavenging activity. (**A**). Left: relationship between the signal intensity of DPPH radical and the various concentrations of vanillyl alcohol. Right: ESR spectra of DPPH radicals recorded; (**B**). Left: relationship between the signal intensity of the POBN-alkyl radicals and the various concentrations of vanillyl alcohol. Right: ESR spectra of 2-(4-pyridyl-1-oxide)-*N*-*t*-butylnitrone (POBN)-trapped alkyl radicals recorded.](molecules-16-05349-g004){#molecules-16-05349-f004}

![Effects of VA on MPP^+^-induced reactive oxygen species production. Cells were exposed to 25 µM MPP^+^ with or without different concentration of VA (1, 10, 20 µM) for 48 h. ROS generation was detected by fluorometric analysis using DCFH-DA. Data are means ± S.E.M. of three independent experiments in triplicate. ^\#^ *P* \< 0.05, compared with control group; \* *P* \< 0.05, \*\* *P* \< 0.01 compared with MPP^+^-treated group in one-way ANOVA followed by Bonferroni *post hoc* test.](molecules-16-05349-g005){#molecules-16-05349-f005}

![Effects of vanillyl alcohol on the expression of Bcl-2 and Bax in MN9D cells. Cells were treated with 25 μM MPP^+^ in the absence or presence of vanillyl alcohol, and total RNA was collected for expression analysis. The levels of Bax and Bcl-2 were quantitated by densitometric analysis (**A**) and the Bax/Bcl-2 ratio was determined (**B**). Data are means ± S.E.M. of three independent experiments in triplicate. ^\#^ *P* \< 0.05, compared with control group. \* *P* \< 0.05, \*\* *P* \< 0.01, compared with MPP^+^-treated group (one-way ANOVA followed by Bonferroni *post hoc* test).](molecules-16-05349-g006){#molecules-16-05349-f006}

![Vanillyl alcohol inhibits MPP+-induced PARP proteolysis. PARP proteolysis was analyzed by immunoblot analysis (**A**) and the levels of cleaved PARP were quantitated by densitometric analysis (**B**). Data are means ± S.E.M. of three independent experiments in triplicate. ^\#^ *P* \< 0.05, compared with control group; \* *P* \< 0.05, \*\* *P* \< 0.01 compared with MPP+-treated group in one-way ANOVA followed by Bonferroni *post hoc* test.](molecules-16-05349-g007){#molecules-16-05349-f007}
